The performance of a proprietary dry suction pleural drainage unit was measured under hyperbaric oxygenation conditions. The test pleural drainage unit was connected to pressure gauges that allowed the pressures created in the suction and collection chambers to be measured as well as the pleural drainage catheter pressures under varied suction regulator settings during compression, hyperbaric steady states and decompression. The maximum flow capacity of the unit was also measured under varying hyperbaric conditions. The Atrium Oasis Dry Suction 3600 Chest Drain brand was dramatically affected by pressure change. Nevertheless, based upon our testing, we believe it can be used safely in a hyperbaric environment provided that the following precautions are taken.
Hyperbaric oxygen is used to treat a variety of illnesses, some of which involve critically ill patients who may require pleural drainage. The provision of pleural drainage commonly involves the use of proprietary pleural drainage units (PDUs). Optimal continuity of care could be provided if the original PDU could be utilized under pressure and perform safely in the hyperbaric environment. The performance of PDUs in the hyperbaric environment has not previously been reported. This study investigates the performance of the Atrium Oasis Dry Suction 3600 model PDU under hyperbaric conditions. The hyperbaric environment exposes patients and therefore the PDU to varying ambient pressures, most commonly from 1.0 to 3.0 atmospheres absolute (ATA), but in some settings up to 6 ATA. The PDU has to cope with the higher ambient pressures and also with pressure changes. Pressure change principally affects gas density and therefore gas fl ow. We chose to measure the PDU suction capabilities, the gas drainage capabilities and the pressures that applying suction can create whilst the PDU was subjected to various ambient pressure states and changes of pressure.
Materials and Methods
Studies were performed on an Atrium Oasis Dry Suction 3600 chest drain (Atrium Medical Corporation, Hudson, NH, USA). This model of PDU was tested as it is the model currently being used at the testing institution. This is a plastic, single-use device incorporating a fl uid collection compartment, a fl uidfi lled suction and backfl ow regulation compartment, a suction pressure regulator and various safety and pressure relief systems ( Figure 1) . A 6 mm hole was drilled into the back of the suction and collection compartments. The hole was reinforced with a 2 mm thick plastic disc attached to the back of the unit with epoxy glue. The holes were each connected to a low-pressure 63 mm capsule gauge, range -10 to +15 kPa (1060 series, accuracy ±1.25%, Ambit Instruments, Vic., Australia) via self-seal fi tting connectors and semi-rigid polyethylene tubing (4 mm internal diameter, lengths 425, 455 mm). The patient tube normally connected to a patient's pleural drainage catheter was, for suction readings, connected to a low-pressure capsule gauge, or for 'patient air leak' readings, to a hyperbaric chamber oxygen outlet. Oxygen outlet fl ow is con-trolled by a Dwyer series MMA-26 fl owmeter (±4% accuracy, Dwyer instruments, N.S.W., Australia) ( Figure 2 ). Gauge readings were taken visually and recorded on a table. The chamber fl owmeter used to deliver the 'air leak', had previously been tested for the accuracy of gas fl ow de livery under hyperbaric conditions. This was per formed using the timed collection of gas in a Douglas bag and subsequent calibrated syringe volume measurement, to determine the actual volumetric fl ow of gas provided at each testing pressure and fl owmeter setting. A conversion chart to the actual fl ows delivered at each pressure has been created for each pressure and fl owmeter setting. Results are adjusted to refl ect actual volumetric gas fl ows delivered.
The PDU was set up as per manufacturer's instructions with 45 ml of water instilled into the suction compartment forming a water seal between the collection and suction compartments of the device. Standard medical suction tubing connected the suction port of the pleural drainage unit to a standard hospital suction outlet installed in our hyperbaric chamber. This suction outlet is automatically regu- lated and has provisions to prevent excessive suction being delivered when the chamber is at pressure. It has been designed to provide medical suction pressures and fl ows consistent with that found elsewhere in the Hospital. The entire equipment assembly was tested for leaks.
The tests were performed in one of the treatment compartments of a three compartment, multiplace hyperbaric chamber (Fink Engineering, Melbourne, Australia). All experiments were performed by the authors who were medically fi t for hyperbaric pressurization and have daily experience of similar conditions.
The suction conditions examined were: • suction tubing unconnected to the chamber suction • suction tubing connected to the chamber suction valve (valve off) • suction tubing connected to chamber suction, regulated by the adjustable suction regulator on the PDU to 10, 20, 30 and 40 cm H 2 O of suction. Testing was performed during hyperbaric chamber conditions as follows: • compression at 4, 10, 16 and 32kPa/min from 1.0 to 4.0 ATA • stable states of 1.0, 1.9, 2.0, 2.4, 2.8, 3.0, 4.0 ATA • decompression at 10 and 30 kPa/min from 4.0 to 1.0 ATA. Pressure readings were taken every 15 seconds for the fi rst 2 minutes and then every 30 seconds thereafter. The readings were: chamber pressure, rate of change of chamber pressure and pressure readings in the suction, collection and chest tube gauges.
The 'patient air leak' conditions that were examined were at the stable states of 1.0, 1.9, 2.0, 2.4, 2.8, 3.0 ATA and during decompression at a rate of 30 kPa/min, using suction settings as above of unconnected and connected zero suction, then 10, 20, 30 and 40 cm H 2 O of suction set at the PDU suction regulator with the unit being reset to the chamber ambient environment baseline between each test.
At each stable state and for each suction setting, the fl owmeter used to deliver the 'air leak' was adjusted slowly upwards to fi nd the smallest 'air leak' that could create a positive pressure in the collection chamber gauge (gauge needle just positive and outside the gauge's zero band). We chose this as representative of the point at which the PDU reached its 'air leak' capacity and would be creating a positive pressure inside the patient's intra-pleural space. The same method was applied during depressurization to fi nd the maximum 'air leak' through the PDU that could be accommodated with no suction applied to the unit. Lastly, to simulate a worst case scenario, a test run was undertaken involving a fast depressurization of 30 kPa/min with an 'air leak' fl ow rate of 10 l/min and the pressure generated in the collection chamber was measured for all suction settings.
RESULTS

Suction characteristics Hyperbaric Pressurization Phase
Negative pressure developed in the chest gauge during the fi rst 45 seconds of pressurization as increasing ambient pressure led to a decrease of air volume in the collection chamber. This resulted in the backfl ow of water from the water seal upwards towards the ball-valve at the top of the water-seal column. After approximately 45 seconds, enough water bypassed this valve to allow air to refl ux into the collection chamber. This relieved the excess negative pressure, which then remained at a steady state for the rest of the pressurization as bubbles formed and vented the collection chamber. No water refl uxed into the collection chamber ( Table 2) .
The faster the pressurization rate, the greater the negative pressure generated in the chest gauge (Table 3) . Stable state increased pressure: The suction delivered to the chest gauge at pressure was more negative than the suction regulator setting on the PDU in all hyperbaric states. The higher the pressure the more negative the pressure that was transmitted to the chest gauge. The pressure transmission at 1 ATA (sea level) was as indicated by the manufacturer's labeling of the suction regulator dial (Figure 3 ).
Hyperbaric Depressurization Phase: When the pleural drainage catheter was occluded, simulating a patient with no air leak, there was no creation of signifi cant positive pressure as the air in the collection chamber expanded. (The zero band on the gauge is fairly broad and probably includes the range of ±2.5 cm H 2 O.) The collection chamber gas vented through the water-seal with no obstruction at depressurization ranges from 5 to 30 kPa/min depressurization.
Flow Characteristics
Stable state (Figure 4) Flow rates simulating patient air leaks of up to 19 l/min could be accommodated at hyperbaric pressure with 10 cm H 2 O suction applied, however only fl ow rates of <4 l/min could be accommodated at hyperbaric pressure without the application of suction. The maximum suction performance of the test PDU could not be signifi cantly further increased by the application of suction greater than 20 cmH 2 O at sea level consistent with reports of various PDUs tested in other settings 1 .
Depressurization
As depressurization with no air leak has been shown above to be safe at any realistic depressurization rate, a scenario was created to determine what would happen if a massive 'patient air leak' developed and the patient was undergoing emergency decompression. This involved simulating a leak of 10 l/min and a decompression rate of 30 kPa/min (Table 4 ). If there was no suction applied, the PDU would create a positive intrapleural pressure. The application of 10 cm H 2 O suction proved enough to treat a leak of this size, even with the rapid decompression. The maximum fl ow that could be accommodated without the application of suction at this rate of depressurisation was 5 l/min. 
HYPERBARIC PERFORMANCE OF A PLEURAL DRAINAGE UNIT
pathology were estimated as ranging from less than 1 l/min to 16 l/min 1 . Larger leaks have been estimated in patients undergoing positive pressure ventilation who have a large bronchopleural fi stula 3 . The performance of commonly used PDUs and Heimlich valves at sea level have been assessed with respect to fl ow rate capabilities and suction accuracy [3] [4] [5] . We have been unable to identify any published reports of pleural drainage unit function in a hyperbaric environment.
Hyperbaric treatment may be indicated for patients requiring pleural drainage. Some of these patients are critically ill and in some cases, continuous pleural cavity suction may be desirable throughout the treatment period. In particular, when signifi cant pneumothorax or ongoing air leak is present, the decompression of the hyperbaric chamber could create a risk of tension pneumothorax unless any air present is continuously evacuated.
The Alfred Hyperbaric Service treats an average of seven patients per annum with pleural drainage units. In the last six years, 116 hyperbaric treatments have been undertaken for patients requiring pleural drainage using the Oasis Dry Suction 3600 chest drain ( Table 5 ). We are unaware of any complications that have occurred in patients or in the PDUs. 
DISCUSSION
Pleural drainage is used to drain air, blood or fl uids from the pleural space to improve cardiorespiratory function and assist in treatment of thoracic pathology. The normal physiology of the pleural space includes negative intrapleural pressure. Normal intra-pleural pressures range from -8 to -3.4 cm H 2 O and can be as great as -54 to +70 cm H 2 O in extreme inspiration and expiration respectively 2 .
In a specifi c animal model, pulmonary air-leak fl ow rates thought to be representative of human These patients received hyperbaric oxygen at treatment pressures from 2.0 to 2.8 ATA. Current Alfred Hyperbaric Service treatment protocols create the possibility of a diver or severe gas embolism case with a pleural drainage catheter being treated at 4 ATA. Many facilities have protocols calling for treatment at 6 ATA in certain circumstances.
Current recommendations for safe pleural drainage in a hyperbaric environment range from repeated needle thoracocentesis or taping of an intravenous cannula in place after thoracocentesis 6 , to the use of a Heimlich valve attached to a pleural drainage catheter. Eric Kindwall 7 recommends the use of either a Heimlich valve or a "30 cm H 2 O water seal" in the event of emergency decompression of a tension pneumothorax.
Changing a patient's PDU to a Heimlich valve creates a breach in a sterile system, removes the ability to observe respiratory pressure swings and air leaks and interferes with the application of controlled suction. Use of traditional bottle style or proprietary PDUs in the hyperbaric environment involves substantial volumetric change with respect to the air in the device chambers. This creates the potential for large negative intrapleural pressures during pressurization and refl ux of air or fl uid into the thoracic cavity during chamber depressurization. Increased gas density under pressure creates the potential for increased resistance to air drainage from the intrapleural space and through the PDU.
Manufacturers of proprietary PDUs have designed large negative pressure venting valves, which are usually set to activate between -40 and -60 cm H2O although there seems to be little published to justify this choice of value. The PDU examined in this study has a high negativity release valve set to open after 10 seconds at a pressure of -60 cm H 2O 8 .
Our testing indicates that the model of PDU tested does indeed have the potential to create physiologically undesirable pressures in the pleural space under certain hyperbaric chamber use scenarios. The tested device did not, however, allow refl ux of fl uid towards the patient in any circumstances. Based upon our testing, we believe it is possible to safely use the device provided certain procedures are followed as we outline below. We have now used this device extensively with patients in clinical settings.
Recommendations for use of the Atrium Oasis Dry Suction 3600 chest drain PDU in hyperbaric chambers
If a threshold of -40 cm H2O is taken as the greatest intrapleural negative pressure that a patient should be exposed to, this study suggests that during pressurization, there should be no suction applied to this PDU. The suction tubing can be attached to the wall suction (which is switched off) or left open to air. Leaving the tubing open to air allows a greater safety margin. Pressurization of the chamber must be undertaken slowly at a rate of 10 kPa/min or less.
When the maximum treatment pressure is reached, suction can be commenced if required but needs to be adjusted for the unit's behaviour under pressure. The conversion table (Table 1) can be used .
Under hyperbaric conditions, the PDU suction regulator setting of 10 cm H 2 O will cope with all but dramatic air leaks of the type associated with bronchopleural fi stulae.
During depressurization, if there is no air leak from the patient, there is no risk of a positive pressure being generated in the intra-pleural space. If there is an air leak of 5 l/min or more, a suction setting of 10 cm H2O or greater must be applied or a positive pressure could be created in the intrapleural space. If suction is applied it is safe to depressurize relatively quickly. The Atrium Oasis chest drain 3600 unit has a manual high negativity relief valve at the top of the collection chamber. This can be depressed during pressurization if desired, but this distracts the chamber attendant from the many other tasks that need to be undertaken during the early phases of pressurization with a potentially unstable critically ill patient. (Pressurization/depressurization is a time of potential patient instability and therefore reducing the task loading at this time is important.)
Although the features of many proprietary PDUs appear similar we would caution that our fi ndings are applicable to the tested model only and other models, even from the same manufacturer, would require specifi c assessment. The relatively "low technology" testing regimen we have described should enable other centres to undertake such further testing as required.
